We evaluated the accuracy of cardiac output estimations by three transthoracic echocardiographic techniques in critically ill subjects. This study was a prospective comparison study carried out in a general intensive care unit of a teaching hospital. The subjects had a broad range of diagnoses including pulmonary embolus, cardiogenic shock, septic shock, Legionnaire's disease and perioperative myocardial infarction. All patients requiring pulmonary artery catheterization underwent echocardiographic cardiac assessment with comparison of findings to those obtained by thermodilution techniques. Nineteen studies on eighteen patients were performed, with cardiac output calculated by the two-chamber Simpson's, four-chamber Simpson's, and left ventricular outflow tract (LVOT) Doppler methods. Acceptable data was obtained in those patients without mitral regurgitation. There was good correlation between the thermodilution technique and Simpson's two-chamber method (r=0.91), but less so with the Simpson's fourchamber method (r=0.77). All studies were included in the LVOT Doppler method with a good correlation (r=0.94). A plot of differences between methods using the Bland and Altman statistical method indicated that only the LVOT Doppler method demonstrated acceptable agreement with a mean of 0.2 litres/minute, standard deviation of 0.82 litres/minute and 95% limits of agreement of -1.5 to +1.9 litres/minute.
Measurement of cardiac output (CO) is important in haemodynamic assessment of the critically ill patient. The thermodilution technique routinely used to measure CO is invasive, requiring placement of a pulmonary artery catheter and application of the thermodilution method utilizing the Fick principle. Although a useful technique, it carries considerable risk and should only be used in selected patients 1, 2 . Noninvasive methods for estimation of CO utilizing ultrasound and Doppler techniques are well documented in the noncritically ill patient, and have also been used in the critical care setting 3, 4 .
However, the application of echocardiographic techniques has not become well established in the critical care setting because of the lack of familiarity of the intensive care specialist with the modality. Only in the past few years has the appropriate technology become standard equipment with mobile echocardiography machines. We compared the accuracy of CO estimations using three transthoracic echocardiographic methods with the accepted method of thermodilution using a pulmonary artery catheter.
METHODS
All patients in the Intensive Care Unit (ICU) requiring pulmonary artery (PA) catheterization over the study period underwent transthoracic Doppler echocardiographic assessment of CO. No patient was excluded and 19 studies on 18 patients were performed. The patient population profile and indications for insertion of a PA catheter are shown in Table 1 .
As the patients were undergoing investigation routinely used in their management the need for informed consent was waived. Thermodilution-derived and echocardiographic-derived CO measurements were determined concurrently. Only one series of calculations was performed with each patient, although one patient did require readmission to the ICU and as a second PA catheter was considered necessary, a further echocardiographic study was performed. The echocardiographic-derived CO estimations were obtained first with the operator blinded to the subsequent thermodilution-derived results where possible. However in the emergency setting this blinding was not always feasible.
Doppler Echocardiographic Technique and Analysis
Transthoracic echocardiography was performed using a commercially available machine, an ACUSON 128XP/10 with either a 2.5 or 3.5 MHz probe.
The studies were performed by an intensive care trainee medical officer who had undergone basic echocardiographic training. Extra assistance was given by an intensive care nurse trained in echocardiography. Without prior knowledge of the thermodilution-derived CO measurements, three echocardiographic techniques were employed to obtain the CO. Initially a baseline echocardiogram to identify valvular regurgitation or other significant structural or functional abnormality was performed. A more detailed description of the echocardiographic methods used in this study can be found in an earlier paper of this journal 5 . From two-dimensional (2D) studies, the four-chamber Simpson's method and two-chamber Simpson's method were performed from the apical views 6, 7 . Accurate timing was achieved by the use of cineloops to isolate images of endsystole and end-diastole. End-systole was taken from the image demonstrating the smallest cavity dimension for each cycle, and end-diastole from the start of the R wave on the ECG. The left ventricular outflow tract (LVOT) Doppler method was the third method employed 8, 9, 10 . The diameter of the LVOT was taken to be the distance between the base of the aortic valve cusps during systole, as seen from the long parasternal view. The inner-edge to inner-edge measurement was chosen with three determinations of the LVOT taken and averaged, with the LVOT area calculated as 3.14 x radius 2 . Continuous wave Doppler samples were then obtained in the LVOT from the apical view. The leading edge of three to five near consecutive Doppler velocity curves was traced and the average velocity-time-integral (VTI) calculated utilizing the available software in the ACUSON machine. CO was then calculated as VTI x LVOT area x heart rate. 
Thermodilution Method
Pulmonary artery catheterization was performed using an Abbott "pentalumen" thermodilution catheter (Abbott Australasia Pty Ltd). Adequate position of the catheter was confirmed on a chest X-ray. CO measurements were obtained by injecting 0.9% saline 10 ml at room temperature into the right atrium through the proximal port. CO was then calculated using a Spacelabs PC2 Bedside monitor (Spacelabs Medical Products Ltd). Routinely, five measurements were obtained, the highest and lowest being excluded, and the remaining three averaged to provide a final result.
Statistical Analysis
Regression analysis was used to correlate CO derived from the three echocardiographic methods with thermodilution. "Statographics version 5" program was used to correlate echocardiographic measurements by each method and the mean of all three methods with the thermodilution measurements. In addition, a statistical method was used to assess the agreement between the thermodilutionderived CO and each CO derived by the echocardiographic technique 11 . Analysis of the difference between paired data points from each method against their mean was performed to examine the bias and extent of agreement between methods. A plot of the differences between the methods against their mean is more informative with agreement ( or lack thereof) determined by calculating the mean difference (d) and the standard deviation of the differences (s). If the differences are normally distributed (Gaussian), 95% of the differences will lie between these limits (between d -1.96s and d +1.96s).
Provided differences within the d + 2s will not be clinically important, the two measurement methods could be used interchangeably.The estimate of bias (the mean of the differences) was tested for significance with a paired t-test using the 'Sigmaplot" program. As the sample sizes were small the 95% limits of agreement were calculated with t-distributions of the appropriate degrees of freedom using the standard published tables.
RESULTS
Adequate transthoracic echocardiographic images were obtained in all 19 studies with none excluded for technical reasons. Estimation of CO by the three different methods was achieved. A mean CO from these three methods was obtained with linear regression analysis, demonstrating reasonable correlation between this measurement and thermodilution-derived CO (r=0.85, P<0.0001) (Figure 1) . A review of the six studies where mitral regurgitation was present indicated poorer correlation compared with those without regurgitation. This poor correlation pertained to both the Simpson's two-chamber and four-chamber, but not to the LVOT Doppler method.
Simpson's two-chamber method: The studies with mitral regurgitation were excluded, with the remaining studies demonstrating good correlation with thermodilution-derived CO (r=0.91, P<0.0001) (Figure 2) .
A plot of the differences between the methods against their mean is shown in Figure 3 , resulting in a mean difference of 0.6 litres/minute, standard deviation of 0.86 litres/minute, and 95% limits of agreement of -1.3 to +2.5.
Simpson's four-chamber method: Excluding the studies with mitral regurgitation, the subsequent correlation between this method and thermodilutionderived CO is poor (r=0.77, P<0.001 ) (Figure 4) . In applying the plot of differences between methods against their mean, the results are unacceptable with a mean difference of 0.3, s=1.37, giving 95% limits of agreement -2.7 to +3.3 ( Figure 5 ).
LVOT Doppler method: As shown in Figure 6 , there was good correlation (r=0.93, P<0.0001) between this method and thermodilution-derived CO. An analysis of the agreement between the two methods is shown in Figure 7 , the mean=0.2, s=0.82 , and 95% limits of agreement of -1.5 to +1.9 indicating acceptable agreement.
DISCUSSION
The fact that no patient was excluded from the study because of inadequate images is important, as one common claim is that critically ill patients are poor echocardiographic subjects, often described as "technically difficult".
There definitely are patients in whom the transthoracic approach yields no image or incomplete images and where transoesophageal estimations of cardiac output are more applicable 4 . However, as seen in Table 1 , we were successful with a broad range of subjects.
A basic standard 2D echocardiographic study should be performed prior to any CO estimations as the presence of any valvular dysfunction must be established.
Although the Simpson's two-chamber method of measuring CO demonstrated good correlation with the thermodiluton-derived method, this held only for those patients without detectable mitral regurgitation. Six of the nineteen studies had mitral regurgitation of at least moderate severity, indicating one third are excluded by this method in our series. As to whether the mitral regurgitation was acute or chronic, related to structural valvular damage, or due to functional change such as an acute dilatation of the left ventricle with mitral valve ring distortion, was not identified.
The Simpson's four-chamber method was clearly not acceptable for clinical management when performed in our unit.
A correlation coefficient of 0.77 accompanied by poor agreement by analysis of the differences between this method and thermodilution CO estimations indicate that it should not be used in place of the latter. Good correlation was obtained between the LVOT Doppler method and thermodilution-derived CO method when all studies were included, regardless of the presence of mitral regur- gitation. When considering that an agreement is acceptable when the standard deviation of the difference is 0.82, it is important to remember studies on the TD method, indicate marked variability on CO reading. Stetz and colleagues, in reviewing 14 series on the TD method, state that even with triplicate measurements, there is data to suggest that changes in CO <15% in the intensive care setting may not be considered significant 12 .
The disadvantage of excluding those studies with valvular regurgitation necessary by Simpson's method is not a problem here, as only the volume of blood ejected across the aortic valve is measured. An additional advantage of this method over the Simpson's methods is the time factor, the performance of the procedure and subsequent calculations taking less than half the time required for the former.
There are defects in our study. The first is the lack of blinding of the operator performing the echocardiography to the thermodilution-derived CO measurements in some studies; we achieved blinding in approximately 75% of studies. This reflects the reality of performing comparative studies in a critical care setting where management of the acutely ill patient is often underway at the time of the echocardiographic CO estimations. This study demonstrates, however, that transthoracic LVOT Doppler measurements of CO are directly applicable to clinical management in the emergency setting.
A second defect in this study is the omission of examining inter-observer and intra-observer variability. It is important that inter-observer variability be determined in future studies; a second echocardiographer is required to directly follow the primary operator, repeating the study in a blinded fashion. Minimal time between studies is recommended as the thermodilution method has to be applied directly after the echocardiographic studies. It is unacceptable for the primary operator to obtain the images and Doppler signals with a second observer calculating the CO from these, because the measurement errors come predominantly from the inappropriate alignment of the ultrasound signals.
The thermodilution method of determining CO is widely used in clinical practice and is therefore chosen as the method for comparison. Although a reliable technique, it can not be regarded as the "gold standard"; indeed no such entity exists in critically ill patients as methods such as the direct Fick oxygen method and other indicator-dilution techniques are not validated in this subgroup 12, 13, 14 .
CONCLUSION
Three transthoracic echocardiographic methods of estimating cardiac output in critically ill patients are compared with thermodilution-derived measurements. The two-dimensional techniques utilizing the Simpson's method exclude those patients with mitral regurgitation although the two-chamber method provided is acceptable in nonregurgitant patients. The LVOT Doppler method demonstrates good correlation and acceptable agreement with the thermodilution method, indicating it can be used for clinical management in the critically ill.
